Collagen XVIII can generate two fragments, NC11-728 containing a frizzled motif which possibly acts in Wnt signaling and Endostatin, which is cleaved from the NC1 and is a potent inhibitor of angiogenesis. Collagen XVIII and Wnt signaling have recently been associated with adipogenic differentiation and obesity in some animal models, but not in humans. In the present report, we have shown that COL18A1 expression increases during human adipogenic differentiation. We also tested if polymorphisms in the Frizzled (c.1136C>T; Thr379Met) and Endostatin (c.4349G>A; Asp1437Asn) regions contribute towards susceptibility to obesity in patients with type 2 diabetes (113 obese, BMI ≥30; 232 non-obese, BMI < 30) of European ancestry. No evidence of association was observed between the allele c.4349G>A and obesity, but we observed a significantly higher frequency of homozygotes c.1136TT in obese (19.5%) than in non-obese individuals (10.9%) [P = 0.02; OR = 2.0 (95%CI: 1.07-3.73)], suggesting that the allele c.1136T is associated to obesity in a recessive model. This genotype, after controlling for cholesterol, LDL cholesterol, and triglycerides, was independently associated with obesity (P = 0.048), and increases the chance of obesity in 2.8 times. Therefore, our data suggest the involvement of collagen XVIII in human adipogenesis and susceptibility to obesity.
INTRODUCTION
COL18A1, located at chromosome 21q22.3, was first shown to have an important role in humans when we demonstrated that homozygous null mutations in this gene cause Knobloch syndrome (KS) (Sertié et al. 2000) .
KS is an autosomal recessive condition characterized by vitreo and retinal degeneration, macular abnormalities and occipital encephalocele (KS; OMIM 267750). The importance of collagen XVIII in retinal angiogenesis was further confirmed through the observation of ocular delayed hyaloid vessel regression in knockout col18a-/-mice (Fukai et al. 2002) .
Collagen XVIII is an important proteoglycan of most basement membranes of the body which belongs to a distinct class of nonfibrillar collagens, called multiplexins. This protein forms homotrimers and contains a N-terminal non-collagenous domain (NC-11), 10 collagenous repeats alternated with 9 non-collagenous repeats and a C-terminal non-collagenous region, NC-1 (Oh et al. 1994 , Saarela et al. 1998 . COL18A1 can be transcribed as 3 distinct isoforms by use of two promoters and an alternative splicing of the third exon. The three encoded collagen XVIII proteins differ only by their signal peptides and by part of the N-terminal region of the NC11 domain, which contain respectively 303 (NC11-303), 493 (NC11-493) and 728 (NC11-728) amino acid residues (Saarela et al. 1998 , Elamaa et al. 2003 . Collagen XVIII presents high expression levels in liver, kidney, retina and adipose tissue and the predominant isoform varies according to the tissue type (Saarela et al. 1998 , Suzuki et al. 2002 , Elamaa et al. 2003 , NCBI UniGene Hs.517356). At least two functional fragments can be released from collagen XVIII: Endostatin, a 20 kDa fragment cleaved from the NC1 region-common to the three collagen XVIII isoforms (ES-C18) (O'Reilly et al. 1997 , John et al. 2005 and the N-terminal Frizzled cysteinerich domain cleaved from the NC11-728 variant (Frizzled-C18) (Elamaa et al. 2003) . ES-C18 is a potent inhibitor of endothelial cell proliferation and migration with the ability to reduce tumor growth (O'Reilly et al. 1997 , Sasaki et al. 1998 . Collagen XVIII and ES-C18 play several other functions, including apoptosis induction (Dhanabal et al. 1999 , Schmidt et al. 2004 and maintenance of vascular permeability (Moulton et al. 2004 ). The Frizzled-C18 motif shows homology to secreted frizzled related proteins (sFRP). These proteins can block Wnt signaling either by interacting with Wnts to prevent them from binding to frizzled receptors or forming nonfunctional complexes with them (Wodarz and Nusse 1998). The function of the soluble Frizzled-C18 motif is still unknown, but it is possibly involved in Wnt signaling as sFRPs does (Elaama et al. 2003 , Quelard et al. 2006 .
Although the molecular mechanisms regulated by collagen XVIII and its NC11 and NC1 functional fragments are still being investigated, it is unquestionable the functional role of collagen XVIII in angiogenesis. Therefore, variability in quantity or quality of collagen XVIII and its related fragments could be associated with the predisposition of human disorders dependent on angiogenesis (Passos-Bueno et al. 2006) . Substantial evidence has established that growth of solid tumors is angiogenesis dependent whereas angiogenesis inhibition prevents it and can lead to regression of the lesions (Udagawa et al. 2002 , Folkman 2002 ). Although we and others were not able to confirm the association between the SNP Asp 1437 Asn (D104N) at the endostatin region and prostate cancer (Iughetti et al. 2001 , Macpherson et al. 2004 , Passos-Bueno et al. 2006 , several reports have shown that lower ES-C18 levels have been correlated with a worse tumor prognosis (Musso et al. 2001) and that the SNP D104N might be associated with breast cancer (Lourenço et al. 2006 , Balasubramanian et al. 2007 . Therefore, analysis of COL18A1 gene SNPs in diseases in which angiogenesis plays a role can provide further insights in the functional importance of this molecule in humans.
Adipose tissue is very unique as it can grow and regress throughout adulthood. Its growth, which can arise through increases in cell size (due to accumulation of triglycerides) and/or cell number (due to proliferation of preadipocytes and their subsequent differentiation into mature adipocytes), is largely angiogenesis dependent (Rupnick et al. 2002 , Cao 2007 , Nishimura et al. 2007 . Collagen XVIII, which is abundant in adipose tissue (NCBI UniGene Hs.517356), is involved in angiogenesis control and it has been shown that its transcription levels increase during bovine adipocyte differentiation (Inoue-Murayama et al. 2000) . However, the function of collagen XVIII in the molecular control of adipogenesis and obesity is very poorly characterized and it has not yet been investigated in humans. Therefore, in this study we have first evaluated if COL18A1 mRNA levels vary during in vitro adipogenesis of human adipose tissue-derived stem cells. In addition, we also aimed to verify if collagen XVIII would have any effect on the predisposition of obesity, as this is known to be a major risk factor for several diseases such as type 2 diabetes mellitus (DM2) and cardiovascular disorders. To achieve this goal, we tested if SNP c.1136C>T (Thr379Met), which is being here described for the first time, and SNP c.4349G>A (Asp1437Asn) are associated with obesity in a cohort of Brazilian patients with DM2. These SNPs are missense mutations in the coding region of the human COL181A and are located respectively in the NC11-728 (Frizzled-C18) and Endostatin (ES-C18) domains of the protein.
MATERIALS AND METHODS

In vitro ADIPOGENIC DIFFERENTIATION
Adipose tissue-derived mesenchymal stem cells were obtained from lipoaspirates of abdominal subcutaneous fat. The cells were isolated and cultured as described previously (Zuk et al. 2002 , Costa et al. 2008 , Bueno 2007 . Their differentiation into adipocytes was induced by treatment of semi-confluent cells for 14 days with DMEM-HG supplemented with 10% FBS (Hyclone), 1µM dexamethasone, 100µM indomethacin, 500µM 3-isobutyl-1-methylxanthine (IBMX), and 10µg/ml insulin as standard protocol (Zuk et al. 2002) . To assess neutral lipid content at day 14 after exposure to inducers of differentiation, mature adipocytes were washed with PBS, fixed with 4% paraformaldehyde and stained with Oil Red O. A successful differentiation process was considered when it was observed that the majority of cells accumulated lipid vesicles in the cytoplasm. The use of human lipoaspirates to establish stem cell populations was accordingly to the guidelines of our local Ethical Committee.
QUANTITATIVE REAL-TIME PCR (QRT-PCR) RNA extraction was conducted with trizol (Gibco) reagent at days 0 (no adipogenic induction medium), 3, 7 and 14 of the differentiation process. 5µg of total RNA was treated with 5 units of RQ1 RNase-Free DNAse (Promega). cDNAs were synthesized from 1µg of total RNA using SuperScript II (Invitrogen). Quantitative real time PCR was performed with SYBR Green PCR master mix in an ABI Prism 7100 system (Applied Biosystems) and approximately 50 ng of cDNA was used to final reaction volume of 25µL. The primers used in this study are listed in Table I ; the COL18A1 primers amplify all isoforms. The PCR conditions were: 94 • C for 15 seconds, 60 • C for 30 seconds, and 72 • C for 30 seconds for 45 cycles. The four samples acquired from adipogenic differentiation (time points 0, 3, 7 and 14 days) were submitted to qRT-PCR and the threshold cycle (ct) for each individual PCR product was calculated by the instrument software. Ct was calculated with the difference between sample Cts of each time point of differentiation and reference sample, which was the time 0 of differentiation. And
Cts was calculated based on the efficiency of each primer. GeNorm (Vandesompele et al. 2002) was used to obtain the normalization factor for each sample based on the 2 best endogenous controls that the program selects. Among the 4 internal control genes analyzed (GAPDH, SDHA, HMBS and HPRT1) GeNorm program selected GAPDH and SDHA to generate the normalization factor used to normalize the samples Cts.
DM2 PATIENTS
We have conducted a case-control study with a total of 345 unrelated patients with DM2. One hundred thirty five patients were ascertained at the Endocrinology Department, Hospital das Clínicas -USP, while the remaining 210 patients are enrolled in a large collaborative study of Diabetes at the University of Rio Grande do Sul, and detailed clinical description can be found elsewhere (Canani et al. 2005 , Errera et al. 2007 Genomic DNA was extracted from peripheral blood leucocytes with salting-out procedure as previously described (Miller et al. 1988) . In diabetic patients, glucose was determined by a glucose oxidase method; creatinine by the Jaffé reaction; A1c test by an ion-exchange HPLC procedure (Merck-Hitachi L-9100 Glycated hemoglobin analyzer; reference range: 2.7-4.3%; Merck, Darmastadt, Germany), and triglyceride and cholesterol levels by enzymatic methods. Albuminuria was measured by immunoturbidimetry (SERA-PAK immuno Microalbuminuria; Bayer, Tarrytown, NY, mean intra-and interassay CV: 4.5% and 7.6%, respectively). Total cholesterol, HDL cholesterol and triglycerides were measured by standard enzymatic methods. (Dupont and Plummer 1998) .
RESULTS
COL18A1 GENE EXPRESSION DURING HUMAN ADIPOGENESIS
On day 14 after inducing adipocyte differentiation of adipose tissue-derived human mesenchymal stem cells (hMSCs), we observed that the majority of cells accumulated lipid droplets in the cytoplasm (Fig. 1) . In addition, LPL, an adipogenic marker, was quantified as a control of the differentiation experiment and it showed extreme high expression levels after the induction of the adipogenesis process (Fig. 2) . Therefore, we considered that the stem cell population successfully differentiated into adipocytes. COL18A1 expression was analyzed at four time points (0, 3, 7 and 14 days) during the differentiation induction and we observed relatively higher expression of this gene at day 3 of the differentiation processes, when it increased 2,5 fold in comparison with undifferentiated cells. At days 7 and 14 the expression was 1.4 and 0.85 fold-higher than that of untreated stem cells (time 0), respectively (Fig. 2) .
ASSOCIATION STUDY BETWEEN COL18A1 AND OBESITY
The main clinical features of the patients are depicted in Table II . Among the 345 patients analyzed, 113 were classified as obese (BMI: 34.31 ± 4.64; cases) and 232 as non-obese (BMI: 25.83 ± 2.53; controls). Cases also had higher waist and hip circumferences as compared to controls (P < 0.05). They also presented higher triglycerides, total and LDL cholesterol ( P< 0.05). There were no differences for other clinical or laboratorial characteristics. The genotype distribution for SNPs c.1136C>T and c.4349G>A were in HWE (Table III ; P > 0.05). There was no difference in the genotype or allelic frequencies of the SNP c.4349G>A between obese and non-obese patients (P = 0.11). However, a borderline association between SNP c.1136C>T genotypes and obesity was found (P = 0.07). Assuming a recessive model (TT vs. CT+CC), the genotype TT was significantly more frequent in obese diabetic patients (22/113, 19.5%) than in non-obese diabetic patients (25/232, 10.5%; χ 2 = 4.73 and P = 0.02). In this model, patients with TT genotype had an odds ratio (OR) of 2.57 (95% CI: 1.21-5.47) for obesity. This effect was more pronounced if we exclude individuals with overweight, that is those with BMI between 28 and 30 kg/m 2 [TT genotype frequency in controls (BMI < 27 kg/m 2 , 12/140) was 8.5% (χ 2 = 6.38 and P = 0.01)]. In a logistical model, after controlling for cholesterol, triglycerides, LDL cholesterol levels, the TT genotype still held associated with the presence of obesity (P = 0.048; OR 2,8 CI 95% 1.01-7.74).
DISCUSSION
In the present work, we have shown for the first time that human collagen XVIII mRNA levels increase during differentiation of human mesenchymal stem cells (hMSCs) into adipocytes. Its transcription profile observed during the differentiation process suggests that COL18A1 expression increases at an earlier stage of hMSCs adipogenesis, which is comparable to other well known genes associated with adipocyte differentiation, such as C/EBPβ and C/EBPδ (Rosen 2005) . These results are in accordance with those observed in the differentiation of bovine preadipocytes obtained from intramuscular fat (Inoue-Murayama et al. 2000) . Our results thus indicate that collagen XVIII may play an important role in human adipogenesis and the higher increase of COL18A1 expression in the early phase of adipogenic differentiation point to the importance of this gene in the adipogenic commitment of the cells. It was observed that collagen XVIII expression levels did not vary during adipogenesis of the mouse preadipocyte cell line 3T3-L1 (InoueMurayama et al. 2000) . It is therefore possible that the effect of collagen XVIII in adipocyte differentiation depends on the origin of the preadipocyte or it is species related. It is worth to note that we have used primer pairs that recognize the three collagen XVIII isoforms to quantify its expression in human adipocity differentiation, but it would be important to verify if a specific or all collagen XVIII isoforms are involved in this process.
We have also evaluated whether there was an association between COL18A1 gene polymorphisms c.1136C>T and c.4349G>A, located respectively in the NC11-728/Frizzled-C18 and NC-1/ES-C18 domains of collagen XVIII, and obesity in type 2 diabetes patients. The allele frequency and genotype distribution for the SNP c.4349G>A in our sample is similar to those previous reported in the literature (Passos-Bueno et al. 2006 ) and we did not observe any evidence of association between the SNP c.4349G>A and obesity. However, we observed consistent evidence of association between SNP c.1136C>T and obesity. Our results suggest that the allele c.1136T when in homozygosis increases about two-fold the chance of a DM2 patient to develop obesity. When overweight DM2 patients were excluded from the control group, we found a more pronounced difference in c.1136T frequency between cases and controls, further supporting the association between this SNP and obesity in DM2 patients. The importance of TT genotype for obesity was still confirmed by logistic regression analysis with the following variables: total cholesterol levels, LDL and triglycerides. If these variables are taken into account, the chance that a TT homozygote develops obesity is increased by 2.8 times when compared to CT heterozygotes or CC homozygotes. Hence, our data suggest that TT genotype acts as an independent factor for predisposition to obesity in DM2 patients. The observed frequency of TT genotype in our obese cohort (19.5%) was very close to the 22% estimate to achieve an acceptable power level with the sample size available, thus, suggesting that this association might not represent a false positive result. However, although both cases and controls are of EA and ascertained in a common cohort of patients, we still cannot exclude the possibility that these results are due to population stratification.
It is well established that proteins with frizzled motif act in Wnt signaling through different pathways in various processes, including adipogenesis, obesity, insulin secretion and DM2 (Ross et al. 2000 , Bennett et al. 2002 , Kennel and MacDougald 2005 , Guo et al. 2006 . It has been suggested that the N-terminal portion of collagen XVIII containing the Frizzled-C18 motif could be involved in Wnt signaling (Elaama et al. 2003 , Vainio et al. 2003 , Marneros and Olsen 2005 and, more recently, Quelard et al. (2006) showed that the Frizzled-C18 module acts as an extracellular inhibitor of Wnt-B-catenin signaling by quenching Wnts in the hepatocarcinoma tumor. The SNP c.1136C>T/Thr379Met is being described in the present work for the first time.
In a comparative genomic analysis we verified that threonine at position 379 is conserved among mammals (human, rat, mouse, cow, cat) and is substituted for another polar aminoacid with an uncharged side chain (serine) in other vertebrates (chicken, xenopus, zebrafish, medaka, fugu, stickleback), suggesting that this residue might be important for normal protein function. The frizzled motif of the NC11-728 has a cysteine-rich domain, that contains 10 cysteine-conserved sites, and threonine 379 is located very close to the third cysteine residue. Therefore, it is possible that the presence of a methionine instead of a threonine can partially impair the function of this domain in preadipocyte proliferation or differentiation through a direct or indirect effect of the Wnt pathway.
Recently, we verified that allele c.1136T is in linkage disequilibrium with the G allele of the polymorphism -700G>T, which confers higher transcription levels to this collagen in hepatocytes (Armelin-Correa et al. 2005) . Therefore, we cannot exclude the possibility that the mutated allele is in linkage disequilibrium with another one, which would be actually the responsible for the phenotype.
It has not been reported obesity in patients with null mutations in the collagen XVIII or in the knockout col18-/-mice (Suzuki et al. 2002 , Fukai et al. 2002 . However, it is possible that the obesity phenotype is induced only in the presence of high food intake or depending on the genetic background of the individual. In contrast, obesity is very common in Down syndrome patients, who have three functional copies of COL18A1 gene as the consequence of trissomy of chromosome 21 (Zorick et al. 2001) .
COL18A1 and its receptor glypican has been identified as promising candidate genes to be involved with body weight and adiposity in DM2 mice (Brown et al. 2005 , Gesta et al. 2006 , thus supporting our finding that collagen XVIII is important in adipogenesis and in obesity of DM2 patients.
In conclusion, the present study shows for the first time that collagen XVIII mRNA levels increase during human adipogenesis and that the SNP c.1136C>T in the frizzled motif of the COL18A1 doubles the chance of a patient with type 2 diabetes to develop obesity. Considering the functional role of collagen XVIII in angiogenesis and that it may be involved in Wnt signaling, we could speculate that this collagen might act in the regulation of adipose tissue mass through different mechanisms: by controlling angiogenesis in fat tissue and by stimulating the differentiation of mesenchymal stem cell into mature adipocytes. Therefore, although preliminary, our present data may be a starting point towards understanding this novel role of collagen XVIII in humans.
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